A method for removing these is described and the method is applied, using an analog computer, to previously published hepatic venous dilution curves (Am. J. Physiol. 204: 626, 1963) .
This correction increases with the rate of change of concentration and so is greatest for the labeled red cell dilution curves. 
This process has effectively reversed the direction of the original process, i.e., when distortion is produced by the transfer function H(s), the original signal may be recovered if the distorted output is subjected to the new transfer function H-l(s), the reciprocal of H(s). It should be noted that h-l(t) is not equal to r/h(t), where h(t) is the impulse response of the original system. The function h-l(t) is the inverse transform of H-I(s), and corresponds to the impulse response of the new svstem which must be used to recover the input. In the application of this method of recovering the input, absence of random error is assumed, and the transfer function is assumed to be an analytical function which has a Laplace transform.
Equation 8 may be solved by the process-of numerical integration.
Indeed, Gonzalez-Fernandez, Cheesman, and Wood (6) have described a numerical recursive method to recover the input-dilution curve to a samplingrecording system as the solution to an integral equation of the convolution type. The process allows recovery of high-fidelity curves (16) but the technic is too time consuming for most practical purposes. In the present study a more rapid (and somewhat less accurate) method of evaluating the convolution integral by use of an analog computer (13) has been employed. The procedure used consisted of the following steps: r) Having determined the transfer characteristic H(s) from experimental data, a system with the transfer characteristic H-l(s) was synthesized on the analog computer.
2) co(t) Was simulated by an arbitrary function generator.
3) CO(~) Was fed into the analog computer as an input into the system characterized by H-l(s) and the resulting OUtpUt Ci (t) was recorded on an X-Y plotter. In general, two approaches, a direct and an indirect, are available in order to synthesize a circuit where transfer characteristic is H-l(s).
In the direct approach the forward transfer function H(s) is determined from experimental data, H+(s) is determined using equation 6, and this is programed directly onto the analog computer. In the indirect approach the transfer function H(s) need not be determined
directly. An anolog circuit is constructed for which the output co(t) to a known input ci(t) is identical with the response of the system. This is achieved by a process of visual matching (4). This circuit, with a transfer function equivalent to H(s) is then placed in the feedback loop of a circuit for which the transfer function is G(s) (Fig. r ) . If the input to this system is another recorded experimental curve, for which the Laplace transform is CO(s), and if the Laplace transform of the output of this system is C;(s), it follows that
and hence (5)). This is most easily done by using a high-gain feedback amplifier for G(s). Transfer function of the collecting system. The collecting system for these experiments consisted of a catheter made of Teflon spaghetti tubing to which was attached P&240 tubing along which was interposed a segment of Tygon tubing of s in. inside diameter, acted upon by a Sigmamotor finger pump. There was thus a reservoir in the middle of the catheter, rhythmically mixed and emptied by the fingers of the pump. The volume of this system was measured gravimetrically by determining the amount of water taken up by the dry collecting system from a beaker during pump recirculation of the water. This volume, which was kept constant throughout the experiments, was 2.89 ml. The catheter transit time was thus 2.89 ml/pumping rate. The pumping rate in each experiment was measured and was varied from 64 to 72 ml/min.
The response of the collecting system to a step concentration input was determined by alternately sampling from stirred reservoirs of labeled and unlabeled blood (I 0). The labels used were T-I 824-and C&labeled red cells. The outflow of the catheter was collected in a timed serial-collection rack (J. Armant, Baltimore) run at maximum speed (I sample/o.4 set). The response to a unit step concentration input was found to consist initially of a delay during which no label appeared at the outflow. This was followed by the appearance of a distorted step output (Fig. 24 . A small amount of separation between labeled red cells and T-I 824labeled albumin occurred during passage through the collecting system. The mean transit time for the red cells was consistently less than that for the albumin (Table   I ).
For the purposes of the present analysis this small separation in the collecting system was neglected. However, where more precise corrections are desired the effect must be considered.
It will be particularly important where organs are being examined in which there is a red cell-plasma separation of the order of magnitude encountered in the collecting system. To carry out an analysis of the output concentration time pattern, the output from the system was plotted as ( I -output concentration) versus the corresponding midtime of the sampling interval on semilogarithmic paper. The values for the expression fell on a single straight line except in the case of the first sample containing label. When (I -output concentration) for this sample was plotted against the time of the midinterval, the value did not fall along the line but appeared somewhat earlier in time (Fig. 2B ).
The amount of label appearing in this sample was small enough that it was considered feasible to neglect it for the purposes of this analysis of the output concentration-time pattern. From this graphical analysis the response to the unit step input for a given pumping rate is seen to consist of a rising exponential delayed in time by the "dead time" 7 of the catheter, the time during which no label appears in the outflow. The procedure described above removed a minute inflection from the upstroke of the rising exponential response. Now let the rate constant for the exponential part of the response be a. Then the numerical value of a is defined in each instance, on the above graphical analysis of the response of the collecting system to a unit step input at various pumping rates, to be In a/T&, where T4 is the half-time for the exponential decay line on the semilogarithmic plot. This value a may be measured easily and accurately from the plot. The mean transit time of the catheter for each pumping rate consists of the dead time 7 plus the mean time for the exponential part of the response to rise to the unit value. This is, in turn (I 7), s a0 definition, to 1.89 ml/pumping rate. The dead time is, then, the difference between this value and ~/a. The response of the catheter to a unit step input was determined at pumping rates of 60, 65, 70, and 75 ml/min. The corresponding catheter mean transit times and dead times were calculated, and from these a nomogram was constructed, relating the times to the pumping rate (Fig. 3) . As the pumping rate was increased the mean transit time, the dead time, and the difference between the two decreased. From this nomogram the dead time and the rate constant a (the reciprocal of the difference between the total time and the dead time) could be selected for any one of the pumping rates utilized. The response of the system to a unit step input cl(t) is, then, of the form where the dead time 7 and a depend in general on the rate of volume flow through the sampling system.
Using the Laplace transforms
H(s), the transfer function of the catheter is given by (9) Since analog simulation of dead time is difficult (g), a time scale was used in which T was made zero, i.e., the time scale was translated. In terms of systems analysis this transfer function is a simple lead.
The expression fitted to the step response of this collecting system is unusually simple. In contrast, Cooper et al. (4) found that a sum of three exponentials was required to fit the step response of a straight catheter (with no interposed pump reservoir). Gonzalez-Fernandez et al. (6) found that a sum of three or four exponentials was required to fit the response for a similar system. Bassingthwaighte and co-workers (2) described the time course of indicator concentration in an artery at any downstream point following an injection upstream as a combination of two processes: a random distribution of transit times around some average value, and a single mixing chamber.
In the present study the neglected small amount of deviation of the step response of the collecting system from a single rising exponential may perhaps be interpreted as evidence for a similar superimposed random longitudinal dispersion within the collecting system.
Removal of distortion from observed indicator-dilution curues.
The transfer function H-l(s) was synthesized directly on a Donner model 3400 analog computer as shown in Fig. 4 . The hepatic venous indicator-dilution curves obtained experimentally were simulated electrically using a Moseley curve follower, and were fed into the analog computer as the input to the circuit simulating the appropriate H+(s).
The resulting output was recorded on a Moseley X-Y plotter. For each curve the accuracy of the settings was checked by feeding the distorted curve through H(s) l H-l(s). As was to be expected, the retrieved output curve was found to superimpose upon the original experimentally obtained hepatic venous indicator-dilution curve.
RESULTS
The recovered corrected indicator-dilution curves were found to conform to a general pattern. The recovered curves rose more quickly, reached a higher peak, and decreased more rapidly than did the originally observed curves. Within each set of curves the correction was most pronounced for the red cell curve, for which the rate of change of concentration was greatest. This is a consequence of the fact that the transfer function H+(s) contains within it a term which differentiates the distorted curve. Figure 5 illustrates the observed and undistorted curves from an experiment in which labeled red cells, inulin, and water were used as indicators. The correction is greatest for the labeled red cells, intermediate for the labeled inulin, and almost imperceptible for the water curve.
Experimental difficulties were encounte.red. The process of differentiation introduced electronic noise into the output curve and to this was added some further irregularity because of the imperfect performance of the curve follower. Both were to some extent random, however, so that several records were taken for each input condition and the midpoint of the recorded output, which was then easily found, was taken to be the undistorted dilution curve. The data utilized in these experiments were smoothed curves derived from histograms (i.e., from individual samples) and so no high-frequency components were evident in the curves. Had these been present, the noise Fig. 2C ).
introduced by the analog computer would have rendered difficult the accurate recovery of low-amplitude, highfrequency components in the input.
DISCUSSION
The previously described method for determining liver sinusoid and extravascular volumes (8) may now be applied to the undistorted dilution curves. During the description of this method of analysis it was shown that the ratio of the peak height of the red cell-dilution curve to the peak height of the diffusible label-dilution curve, I + y, was equal in a model liver sinusoidal system to the ratio (vascul .ar plus extravascular volume) /( vascular volume) for the diffusible label. The results above demonstrate that the .character of the distortion imposed by the catheter is such that the value, I -I--y, estimated from peak heights, has been reduced. When the method of analysis was applied to the distorted dilution curves, the diffusible label curves were shown to superimpose upon the red cell-dilution curve, after suitable adjustment (8). That a similar relationship between the curves from a given experiment is still apparent when the analysis is applied to the undistorted curves is shown in Fig. 6 where it may be seen that the suitably adjusted undistorted curves superimpose upon the undistorted, labeled red cell-dilution curve. Since the catheter transfer function used for correcting the dilution curves for both red cells and diffusible indicators' was the same, and since it was that of a linear system (the single exponential lead), this result is not unexpected.
Effect uf catheter distortion on calculated extravascular volumes.
In the previous work (8) being considered is confined to the plasma compartment of blood, then D is the CCplasmacrity' of blood, and the extravascular volume of distribution is expressed in terms of an equivalent plasma space). It was also shown that this volume is equal to the volume defined by the differences in transit times,
The results of the present work have shown that the removal of the catheter distortion increases the observed value of I + y and hence of y, and also that the superposition relation between the diffusible label and red cell curves is preserved after removal of catheter distortion.
The correction of a given curve for catheter delay and distortion results in a new curve with a mean transit time equal to that of the original curve less that of the catheter (I ;I). The experimentally observed transit times for labeled red cells and a plasma label through the collecting system were virtually identical. Thus the value (?niff -&o) remains virtually unchanged after the removal of the delay and distortion imposed by the catheter system.
Since we can still write or (t' Diff -tRBC) = Y@RBC -to> (4 and since (t,i,, -t,,,) remains constant but y increases, it follows that (&,c -do) must decrease. Thus removal of catheter distortion causes the calculated values of 7 and to to increase together in such a manner as to maintain the calculated extravascular volume constant for diffusible label. In other words, extravascular volumes, estimated as the difference between the transit time volumes of diffusible and vascular labels, are essentially unaffected by catheter distortion, and as long as flow-limited distribution of diffusible label is taking place these volumes are valid measures of the extravascular distribution space of the label. Estimation of sinusoidal blood volume from undisturted curves. The mean transit times for red cells and for diffusible labels, estimated from the distorted dilution curves, were corrected for catheter transit time by simple subtraction. Now let (I + mo) be the sampling system outflow value for the ratio (vascular plus extravascular distribution volumes)/ (vascular distribution volume) for the particular diffusible indicator (subscript n), obtained from the distorted curves by use of the ratio peak red cell : peak diffusible label concentrations. The value for the zero time for the distorted curves, tOA, was then derived from application of the relation hff -tOA = fRBC -hA 1 + Yno to the observed hepatic venous indicator-dilution curves. Similarly, if I + yla is the value for the ratio obtained from the undistorted curves, then the relation defines a new value for zero time, tOB since, as was pointed out above, t RBC and tniff remain the same. The sinusoidal blood volume in each instance is F( tfLBo -to). Since the superposition property holds for both the distorted and undistorted curves where SBY and SW0 are the sinusoidal blood volumes calculated from the undistorted and distorted curves, respectively.
Rewriting equations rob and roe in the form of equation roa, it may be shown that Y?ao ZRBC -toB SW -= =-%a tkBCtOA SBV~ i.e., the ratio of the sinusoidal blood volume computed from the undistorted curves to that computed from the distorted curves is the ratio of the ~~0 derived from the distorted curve to the yrz derived from the undistorted curve.
Using the values of the sinusoidal blood volume calculated from the distorted curves, and the values for ~~0 and yra, the above relationship was used to calculate the sinusoidal blood volume based on the undistorted curves. The new mean value was 85 % of the value calculated from the distorted curves. The average value for sinusoidal blood volume, calculcated from the distorted curves, was 15.0 =t 4.3 % (SD) liver weight; the new value from the undistorted curves was I 2.8 h 4.0 % (SD) liver weight. The correction for catheter distortion, in effect, assigns a greater proportion of the red cell space to the nonexchanging large blood vessels.
It would be expected that where flow was extremely slow. the distortion of dilution curves by the catheter would be minimal (since the rate of change of sampled concentration would be small), and that where flow was high, distortion would be at a maximum. Figure 7 illustrates the relation between the ratio (S.BV/SBV~) and blood flow rate. The line was drawn assuming the intercept at zero flow is one. It is evident that the ratio decreases as the flow increases. The wide scatter can be taken to mean that there is a general lack of uniformity of the effective distribution of sinusoidal lengths, from one liver to another, in these experiments.
Terminal sZo@s. In the present series of experiments the dilution curves were corrected for recirculation by the classical method, linear extrapolation of the downslope on a semilogarithmic plot (8). This somewhat arbitrary but conventional correction assures that the terminal portions of the effluent dilution curves will delay exponentially. The rate constant relating the concentration to its rate of change during the exponential decay may then be defined as the terminal slope. This parameter may be used to calculate a vascular mixing volume for each dilution curve according to the method of Newman et al. (9) . It was shown in the previous paper (8) that the determination of volume in a flowlimited distributed system using this method is not sound. This, in general, explains the disparity between transit time and slope estimates of extravascular volume (3). Occasionally, however, the transfer function of the sampling catheter or nonexchanging vessels will be such that there will be a fortuitous correspondence between the slope and transit-time volumes (1 a), since the former will change with the transfer function of the catheter, and the latter will not.
From the distributed model, the prediction was made (8) that the ratio of the terminal slope of the dilution curve for red cells & to the terminal slope of the dilution curve for a diffusible label KS would be the value I + 7, the ratio of the peak heights when the undistorted curves would be used. The relation between K;/& and I i-yn is shown in Fig. 8 The use of the ratio of peak heights to obtain I + 7 seems, in general, to be preferable.
Eject of L'headers" on the form of the dilution curve. The effect of the interposition of a long length of vessel between the exchanging vessels (the capillary bed) and the site of collection of samples (the observation site) will have an effect on dilution curves similar to the distortion produced by the collecting system in the present series of experiments.
In the present paper the removal of the distortion for a collecting system with a mean transit time of approximately z .5 set has diminished the estimated mean sinusoidal blood volume by 15 70. The new estimated average mean sinusoidal transit time for red cells is 4.55 set, and the remaining time of transit through the nonexchanging headers is 3.70 sec. It seems likely that the effect of these nonexchanging vessels will be of the same order of magnitude as that of the collecting system, which has been dealt with. Currently there is no method for assessing the transfer function of the portal and hepatic veins and their branches and so this effect cannot be precisely quantitated.
In some systems, the effect of nonexchanging vessels may be much larger. For instance, where there is a long series of vessels to traverse before the samples are taken, and when the dilution curves are further distorted by a sampling catheter (these considerations would apply especially to multiple indicator-dilution studies carried out in the lung where samples are collected from a carotid or other peripheral arterial catheter), the estimation of capillary blood volume using the distributed model may yield values much larger than those actually present.
The essence of the flow-limited distributed model system is that there exists a parameter y, defined as the ratio of extravascular to capillary volumes of distribu- where a is a constant, and T is the dead time.
Then h(t) = Lap-'CHb)l = e-a(t-7) is the impulse response of the catheter.
Using the convolution integral to obtain the observed output of the catheter Co(t), one obtains s t Co(t) = h(t -u)C(u) du 
